[1] Abundant wind-related features occur along Spirit's traverse into the Columbia Hills over the basaltic plains of Gusev Crater. Most of the windblown sands are probably derived from weathering of rocks within the crater, and possibly from deposits associated with Ma'adim Vallis. Windblown particles act as agents of abrasion, forming ventifacts, and are organized in places into various bed forms. Wind-related features seen from orbit, results from atmospheric models, and considerations of topography suggest that the general wind patterns and transport pathways involve: (1) winter nighttime winds that carry sediments from the mouth of Ma'adim Vallis into the landing site area of Spirit, where they are mixed with locally derived sediments, and (2) winter daytime winds that transport the sediments from the landing site southeast toward Husband Hill; similar patterns occur in the summer but with weaker winds. Reversals of daytime flow out of Gusev Crater and nighttime wind flow into the crater can account for the symmetry of the bed forms and bimodal orientations of some ventifacts.
1. Introduction
Background
[2] Mars is dominated by the interaction of the atmosphere with loose surface materials such as sand and dust, as evidenced by dunes, ripples, and other deposits of windblown sediments. Similarly, active dust storms, dust devils, and the movement of sand and dust on the surface are documented, indicating that aeolian processes are currently modifying the surface of Mars [Greeley et al., , 2006a [Greeley et al., , 2006b Lemmon et al., 2004; Fenton et al., 2007; Sullivan et al., 2007] . Longer-term effects are indicated by eroded rocks (ventifacts), eroded hills (yardangs), and sand dunes that have superposed impact craters, suggesting dune formation in the past. Potential changes in the wind regime, proposed from observations at the Mars Pathfinder landing site and elsewhere, suggest that conditions were different in the past, perhaps reflecting shifts in the Martian climate [Bridges et al., 1999; Greeley et al., 2000; Golombek et al., 2006a; Fenton et al., 2007] .
[3] The concurrent operation of the Mars Exploration Rover (MER) Spirit and spacecraft in orbit enable new insight into the interaction of the atmosphere with the surface, termed aeolian processes. Spirit has traversed the floor of Gusev Crater from the plains into the Columbia Hills, roving up the northwest face of Husband Hill, down the east side of the Hill, around El Dorado (a small dune field) and across the Inner Basin to the feature called Home Plate near the site of the 2006 winter ''stand-down'' termed Winter Haven (Figure 1 ). We have mapped the types, distributions, sizes, and orientations of various wind-related features along the entire traverse through sol 815 (a sol is one Martian day, with the number beginning with the first day of Spirit's landing).
[4] In this report, we extend the previous analysis of wind-related features on the floor of Gusev Crater observed by Spirit [Greeley et al., 2006a [Greeley et al., , 2006b ] into the Columbia Hills and incorporate observations obtained from the Mars Reconnaissance Orbiter (MRO), taking into account the detailed topography of the Hills and the general wind patterns predicted by atmospheric models as functions of season and time of day. We also consider the potential sources of windblown sediments, their surface transport pathways, and the sites of deposition along the traverse.
Geologic Setting
[5] A detailed review of mission operations for Spirit is provided by Arvidson et al. [2006] and is updated through ascent onto Home Plate by R. E. Arvidson et al. (manuscript in preparation, 2008) . Briefly, Spirit reached the West Spur of Husband Hill on sol 156. After ascending West Spur, the rover moved toward the northwest onto the north facing flank of Husband Hill. This path was chosen to tilt the vehicle's solar arrays toward the Sun during the Martian winter. Spirit reached Larry's Lookout, a prominent outcrop on the crest of Cumberland Ridge, on sol 407. The arrival of Martian spring increased power output, as did a major removal of dust from the solar arrays by wind on sols 419/420. Spirit ascended Cumberland Ridge, reaching the summit of Husband Hill on sol 619.
[6] Leaving the summit, Spirit descended eastward down Haskin Ridge and turned south to descend into the Inner Basin, a sheltered lowland bounded by Husband Hill to the north and McCool Hill to the south. During this descent, Spirit passed El Dorado, sampling dune materials on sols 707-710. The primary target of the descent was Home Plate, a low plateau 80-90 m wide. Spirit arrived at Home Plate on sol 744, exploring it for about fifty sols before another impending Martian winter forced a retreat to the north facing slope of Low Ridge, just south of Home Plate. Spirit remained motionless on Low Ridge through its second Martian winter.
[7] The diversity of geologic materials on Husband Hill is remarkable, with nearly a dozen distinct rock types recognized. As reported by Squyres et al. [2006 Squyres et al. [ , 2007 Squyres et al. [ , also manuscript in preparation, 2008 , many rocks appear to be impact ejecta or volcaniclastic materials based on their compositional and textural properties. They noted that the materials are commonly layered and, where found in outcrop, tend to have structural attitudes that conform to local slopes, suggesting that they drape underlying topography. Aqueous alteration is common among these materials, with geochemical and mineralogical indications that the alteration took place at low water-to-rock ratios. Several classes of relatively unaltered basalts were also found. The lack of alteration could indicate that these rocks are younger Figure 1 . HiRISE image showing the traverse of Spirit from its landing site, designated CMS (star) into the Columbia Hills to its winter ''stand-down'' at Winter Haven. For the analysis of aeolian features, the traverse was divided into 10 zones (Table 1) . Morning and evening wind directions and their relative strengths are given as a function of season as predicted by MRAMS. than other materials in the hills, and their chemistry suggests that they are all derived from a common magma source [McSween et al., 2008] .
[8] Rocks within the Inner Basin are dominated by olivine-rich basalts (D. W. Mittlefehldt et al., manuscript in preparation, 2008) . A particularly striking group of Inner Basin materials are the finely layered deposits of Home Plate. Chemical, mineralogical and textural observations suggest that Home Plate is an eroded remnant of a formerly more extensive pyroclastic deposit, which could have formed when basaltic magmas came into contact with subsurface water or ice, triggering a phreatomagmatic eruption .
[9] The soils along Spirit's traverse are dominantly altered basalt [Morris et al., 2006; A. T. Knudson et al., manuscript in preparation, 2008] . The coarser-grained fraction appears to be derived locally. A particularly interesting class of soils was exposed by scraping actions of the rover wheels; these are extraordinarily rich in ferric sulfate salts and could have formed by fumarolic activity [Yen et al., 2008] . Spirit's Winter Haven site shows significant compositional diversity, including materials that also could have formed by basaltic magma interaction with water. Materials on Low Ridge include two probable iron meteorites [Schröder et al., 2008] . The 7 month period that Spirit was motionless at the Winter Haven allowed effective monitoring of the surface for wind-induced changes over that time, including those at the El Dorado dune field (R. Sullivan et al., Wind-driven particle mobility on Mars: Insights from MER observations at ''El Dorado'' and surroundings at Gusev Crater, submitted to Journal of Geophysical Research, 2007).
Approach and Methodology

Data
[10] Imaging data collected from Pancam, Navcam, and Hazcam (described by Squyres et al. [2004] ) allow the type, size, number, and orientations of wind-related features to be determined. Compositional information on windblown sediments is provided from other instruments in the Athena payload [Squyres et al., 2004] . Particle sizes are derived from the thermophysical properties measured by the MiniThermal Emission Spectrometer (Mini-TES) [Christensen et al., 2003 [Christensen et al., , 2004a and directly observed in Microscopic Imager (MI) images [Herkenhoff et al., 2003] .
[11] Images from orbit that were analyzed include those from the Mars Orbiter Camera (MOC) [Malin and Edgett, 2001] , the High Resolution Stereo Camera (HRSC) [Neukum et al., 2004] , the Thermal Emission Imaging Spectrometer (THEMIS) [Christensen et al., 2004b] , and the High Resolution Imaging Science Experiment (HiRISE) [McEwen et al., 2007] . These were used to identify and map features such as duneforms and to assess potential changes as a function of Martian season. HiRISE data are particularly important because its image resolution of 27 cm/pixel over the Spirit operations area enables correlating specific features such as bed forms seen both on the ground and from orbit (Figure 2 ). MOC and HiRISE data enabled derivation of the topography for the Columbia Hills, courtesy of R. Kirk and K. Herkenhoff (USGS).
[12] Results from the Mars Regional Atmospheric Modeling System (MRAMS) [Rafkin et al., 2001] were used to predict prevailing wind directions and strengths as functions of Martian season and time of day Greeley et al., 2003] . The model incorporates data from the Thermal Emission Spectrometer [Christensen et al., 2001] for surface thermal inertia and the Mars Orbiter Laser Altimeter (MOLA) [Smith et al., 2001] for the general topography for Gusev Crater, but does not take into account topography on the scale of the Columbia Hills. Thus, in this analysis, we used MRAMS predictions for the general winds in the crater, and then used the orientations of features such as dunes for comparisons with the topography to infer local wind patterns. Figure 1 shows the daytime and nighttime winds predicted by MRAMS for the general area as a function of season. Discussions of wind directions in our report refer to near-surface winds (within a few meters of the surface) that are within the turbulent boundary layer. The model predicts that winds generally flow into the crater at night and early morning and, as afternoon heating occurs, the winds reverse and are driven out of the crater up the walls and over the rim. In addition, Ma'adim Vallis channels wind flow over the crater floor at night, especially in the winter. The arrow marks the same bed form (interpreted to be a dune), the crest of which is about 100 m long. Note the small ridges on many of the larger dunes oriented orthogonally to the axes of the dunes; these are interpreted to be ripples similar to those seen on the slip faces of some dunes on Earth.
Features Analyzed
[13] A wide variety of wind-related features was observed along the traverse. Following the classification used previously [Greeley et al., 2006a] these include bed forms (ripples, dunes), wind tails, ventifact facets, and ventifact grooves. Figure 3 shows diagrams of features seen from orbit and the ground and the wind directions inferred from their geometries. Rocks that show a two-toned appearance were also noted and the height of the lower, lighter-toned part of the rock was measured. These rocks are inferred to represent partial burial by soils and subsequent deflation to expose the buried part (i.e., the lighter-toned part [Greeley et al., 2006a] ). In addition, we observed rock distributions along the traverse and data regarding grain sizes of windblown sediments determined from MI and Mini-TES data.
[14] Bed forms consist of windblown sediments (primarily sands, defined as particles $ 60 to 2000 mm in diameter that are transported predominately in saltation) that are organized into dunes and ripples with axes inferred to be perpendicular to the prevailing wind direction. Smaller bed forms on Earth, such as small ripples, can form in only a few minutes. Winds blowing from one prevailing direction typically produce bed forms (both dunes and to some extent ripples) that are asymmetric in cross section, with a steep slope on the downwind side (reflecting the angle of repose, or $34°) and a less steep slope on the upwind side ( Figure 3 ). Winds that are from two prevailing directions $180°apart (as occur on Earth when storm "fronts" pass through an area) tend to be symmetric in cross section.
[15] Although the distinction between dunes and large ripples (i.e., megaripples) on Mars has not been resolved adequately [Wilson and Zimbelman, 2004] , the axes of larger features seen along the traverse of Spirit from orbit ( Figure 2 ) exceed 80 m and are considered dunes. Many of these larger features show well-developed positive relief features oriented orthogonally to the axis of the primary dune. These resemble ripples that are seen on the slip face (downwind side) of some transverse dunes on Earth that form in response to winds that ''wrap'' around the primary dune [Howard et al., 1978] .
[16] Wind tails consist of sediments in the downwind zone of rocks. They could represent either remnants of a formerly widespread mantle of sediment that subsequently has been mostly eroded, or they could represent a zone of accumulation of material in the lee of the rocks. In either case, wind tails represent a zone of relatively less energetic winds than adjacent areas, and their orientation ''points'' in the downwind direction. Wind streaks are albedo patterns seen from orbit in association with topographic features such as craters or hills and, like wind tails, are inferred to ''point'' in a downwind direction [Sagan et al., 1972] . Wind streaks change on timescales as short as a few weeks.
[17] Ventifacts are rocks that have been abraded over long periods of time (decades or more on Earth) by windblown sediments into distinctive morphologies, such as facets and grooves (reviewed by Bridges et al. [2004] ). Facets are planar surfaces oriented into the prevailing winds, while grooves consist of gouges cut by wind-abraded particles on the upwind sides of rocks. In our analysis, it is often difficult to distinguish planar surfaces that are rock fractures from facets that are cut by the wind. Rather, the orientations of facets are assessed in conjunction with ventifact groove orientations, the morphology of which is more likely indicative of wind-related processes, including formative wind directions.
Rock Distributions and Aerodynamic Roughness
[18] Surface roughness at the approximately submeter scale, including the size and distribution of rocks, has an influence on aeolian processes in terms of particle entrainment, deflation, and deposition by the wind [Bagnold, 1941] . Surfaces with large, closely spaced rocks tend to retard winds near the surface, resulting in particle trapping; surfaces with widely spaced rocks can enhance particle entrainment by generating local turbulence and high wind surface shear stresses in their vicinity. The key parameter is termed the aerodynamic roughness length (z o ) first defined by Bagnold [1941] and refined by Lettau [1969] as
where h* is the height of the roughness element (such as a rock), s is the cross sectional silhouette area of the roughness element facing the wind, the factor 0.5 Figure 3 . Diagrams of aeolian features used to infer prevailing downwind directions (arrows) at the time of feature formation. Bed forms (ripples, dunes) can be asymmetric in cross section, with the steep side indicating the downwind direction, or symmetric, which typically reflect reversing winds. Wind tails (light stipple on diagram) are deposits of sediments in the lee (downwind) side of rocks (dark stipple); ventifacts are wind-eroded rocks, including grooves (indicated by ''v'') cut by abrasion on the upwind side of rocks. Wind streaks are albedo patterns seen from orbit downwind from topographic features such as craters. Dust devil tracks occur in a wide variety of forms; one rare form consists of overlapping scallops, which can indicate the direction of movement downwind; however, most tracks are linear to curvilinear features, and the direction of movement is ambiguous.
corresponds to an average drag coefficient value for the roughness elements, and S is the ''lot area'' given by
in which A is the plan view area of analysis and n is the number of roughness elements. Although more sophisticated equations have been developed for aerodynamic roughness [e.g., Counihan, 1971; Raupach, 1992; Raupach et al., 1993; MacDonald et al., 1998; Raupach et al., 2006] , the Lettau expression is sufficient for the limited data available for the Spirit operations area. An analysis of the value for the drag coefficient has not been done for Mars, but it is a function of the air density and the velocity. Although the air density is lower on Mars than on Earth, the velocities are higher for the wind regime to entrain particles, and the 0.5 value used for Earth is adapted as appropriate to first order for Mars.
[19] Rock size-frequency distributions have been determined by several investigators along the Spirit traverse [Golombek et al., 2006b; Grant et al., 2006] and their results were used for calculations of aerodynamic roughness for zones 1-8 (Figure 1 ). Rock distributions for zone 9 (adjacent to the dunes) and zone 10 were determined as part of this study. We note that the size of the rock is determined from the analysis of rover images, in which the rock height and width can be measured, but it must be assumed that the rock is equidimensional in plan view. From these measurements, the frontal cross-sectional area of the rock with respect to the wind can be defined. Although we recognize the limitations, we assume that the cross-sectional area of a rock can be approximated by a hemispheric profile, in which the radius is defined as the height of the rock. In cases where the height and width are both measured, the radius can be estimated as the average of the height and half the width.
[20] Aerodynamic roughness values were derived for key sites along the traverse of Spirit (Table 1) . As expected, the roughest terrain is on the rocky rim of Bonneville crater (zone 2a) with a z 0 of 0.32 cm and the summit of Husband Hill (z 0 of 0.60 cm) while the smoothest terrains are on the eastern part of Husband Hill with a z 0 of 0.07 cm and over El Dorado and in the Inner Basin with z 0 of 0.08 cm. For comparisons, aerodynamic roughness values were measured in the Mojave Desert for a smooth playa (.014 cm), an alluvial fan (0.17 cm), and a fresh basalt aa flow (2 cm) [Greeley et al., 1991] .
Particle Sizes
[21] MI and Mini-TES data were analyzed for soil deposits to determine grain sizes. The spatial resolution of MI images is 31 mm/pixel and, because several pixels are required to discern individual grains, only particles larger than $100 mm were assessed [Cabrol et al., 2008] . However, many grains are within a matrix of smaller material, or show material too small to be resolved by the MI that appears to be sticking to the grains and is inferred to be dust [Arvidson et al., 2004] . Optical properties of dust in the atmosphere suggest that the dust is a few mm in diameter [Lemmon et al., 2004] .
[22] Particle sizes were also estimated from Mini-TESderived thermal inertia observations. Thermal inertia is a measure of the resistance of a material to changes in temperature, and can be related to an effective particle size of unconsolidated spheres [Kieffer et al., 1973] . Thermal inertia values along the traverse were calculated from Mini-TES data obtained at multiple times of day [Christensen et al., 2003 [Christensen et al., , 2004a . Albedo and thermal inertia are varied as model input parameters until a best fit is obtained between model-derived diurnal temperature curves and calculated temperatures of the observed scene. When diurnal measurements were not available (as on the traverse from Bonneville crater to the Columbia Hills), a single-point calculation was implemented [Fergason et al., 2006] . In addition, corrections were made for dust deposition on the Mini-TES optics for observations after sol 420 (R. L. Fergason et al., Physical properties of complex surfaces at the Spirit Landing site, manuscript in preparation, 2008).
[23] Particle sizes derived from thermal inertia measurements were calculated using the technique of Presley and Christensen [1997] for thermal inertia values less than 350. This technique assumes a surface of unconsolidated sediments to at least a diurnal thermal skin depth [e.g., Jakosky, 1986] , and that particles are spherical, loosely packed, and of a single grain size. Packing of grains, mixtures of particle sizes, and nonspherical grains affect the conductivity and the interpretation of particle sizes. Thus, particle size estimates using this technique were calculated only for bed forms and other assumed well-sorted, unconsolidated deposits. However, we recognize that some bed forms probably have infiltrated dust, the effects of which are not known with regard to thermal inertia.
Traverse of Spirit
[24] We divided the traverse of Spirit into 10 zones, consistent with the terrain (Figure 1 and Table 1 ). For each zone, wind related features were classified and measurements made for their frequency, size, and orientation.
[25] The part of HiRISE image PSP 001513 covering the Spirit traverse was subdivided into 100 by 100 m cells along the traverse, and the bed form axis length and azimuth in each cell were analyzed. In addition, the location of each bed form was noted as (1) within a depression, such as a small crater, (2) on the rim of a depression, with a note as to where on the rim it is located, and (3) on open plains. Two analytical ''passes'' along the traverse were made for the HiRISE image; the first pass was along a swath $300 m wide and the second was $700 m wide, both centered along the rover traverse; the objective was to assess the sampling representation as a function of the size of the area covered.
Results
Bed Forms
[26] As shown in Figure 4a , bed forms are most common on the plains around Bonneville crater (zones 1 -2), on the NW flank of Husband Hill (zones 4 -5), and in the Inner Table 1 ). Bed form orientations indicate the axis of the crest; formative winds are inferred to be perpendicular to the axes; wind tail, ventifact facet, and ventifact groove orientations all point in the inferred downwind directions. 
E06S06
Basin area (zone 10), when normalized to surface area analyzed. Seen from the ground, the lengths of bed form axes (along their crests) range from <1 to $40 m, with most lengths in the 0.2 to 0.4 m range ( Figure 5 ). As expected, larger bed forms are visible from orbit, as shown in Figure 6 in which most bed forms are 10 to 15 m long. The frequency of bed forms seen from orbit ( Figure 4b ) is much more uniform by zone in comparison to these seen from the ground (Figure 4a ). However, bed forms on Husband Hill and in the Inner Basin tend toward smaller sizes (<3 m) and are difficult to see from orbit, thus accounting for their apparent paucity in the HiRISE analysis. Figure 4c recasts the data in which the average lengths of the bed form axes seen from the ground are combined with their frequency to give a better assessment of their importance in each zone. The result shows that the bed forms in zone 9 (area of El Dorado) are significant, as expected for a dune field.
[27] Orientations of bed form axes (perpendicular to wind direction) seen from the ground (Figure 7a) show east-west trends for zones 1 -5 across the plains and on the flank of West Spur, a shift to NE-SW orientations across the summit of Husband Hill (zones 6 -7), a N-S orientation on the east flank of Husband Hill (zone 8), an E-W orientation on the descent into the Inner Basin (zone 9), and a N-S orientation within the Inner Basin. Figure 8a shows summed orientations for zones 1 -4 from Spirit data (393 samples) compared to those from the HiRISE data for the 300 m swath (136 samples) along the traverse (Figure 8b ) and the 700 m swath (361 samples; Figure 8c ). The overall trend is very similar, including that of the narrow swath. These results suggest that the bed form axes orientations determined from the ground are a good representation of the plains, and that the more limited sampling of surface area in the narrow swath is also representative of the traverse.
[28] Orientations of bed forms seen from orbit on open plains (Figure 9a [29] Regardless of size or orientation, most bed forms observed from both orbit and the ground tend to be symmetric in cross section, suggesting a bimodal wind regime for their formation. Bed forms within craters or on crater rims tend to be located on the northwest part of the depressions, exemplified by Bonneville crater (Figure 10 ).
[30] Bed forms in zones 1 -3 are composed of grains with a bimodal size distribution peaking at 1.2 mm in diameter and a very minor secondary peak at 0.25 mm in diameter. Bed forms in zone 10 are composed dominantly of median sand (0.27 mm) and some larger, angular clasts. Soils in zones 4, 7, and 10 are texturally similar and dominated by medium sand (0.28 mm). Size sorting in drifts is variable across zones, with averages of s 2 = 0.01, 0.05, and 0.006 for zones 4, 7, and 10, respectively. Particles are generally very ''clean'', suggesting an ongoing process that removes dust or reduces dust deposition. The El Dorado dune field (zone 9) shows similar particle sizes for soils in zone 10; the dune field has a normal distribution of well-sorted grains (s = 0.005) centered on medium sand (0.27 mm). Soils not organized into bed forms show multimode size distributions. One of the dominant modes includes the same population of medium sand (0.25-0.28 mm) observed in all zones at Gusev. In addition, these soils include granules, pebbles, and rock fragments.
[31] Most of the bed forms in the plains (zones 1 -3) typically show textures inferred to represent dust, which is interpreted to indicate that they are not currently experiencing saltation [Greeley et al., 2006a; Cabrol et al., 2008] . In contrast, bed forms in El Dorado (zone 9) and the Inner basin (zone 10) are composed of finer grains with distributions peaking at 0.25 mm in diameter and appear to lack dust, suggesting that they are currently active.
[32] Particle sizes were also determined from Mini-TESderived thermal inertia measurements. From the CMS to the Bonneville crater ejecta, the thermal inertia values are consistently low (average $175 ± 20 J m
), corresponding to particles $0.09 mm. Toward Bonneville crater, the thermal inertia values increase sharply (380 ± 45 J m À2 K À1 s À1/2 [Fergason et al., 2006] ), which is attributed to an increase in the number or size of rocks in the crater ejecta [Christensen et al., 2004b; Golombek et al., 2005] . The estimated thermal inertia of the soil at these locations is showing Bonneville crater and bed forms on the crater floor and rim; the large bed forms on the northwest crater rim appear to be asymmetric, indicative of formative winds from the northwest, while the larger bed forms on the floor appear to be symmetric, suggestive of bimodal winds.
corresponding to a particle size of $0.16 mm, while the lower section has a thermal inertia of 160 ± 35 J m À2 K À1 s À1/2 suggesting $0.06 mm diameter particles [Fergason et al., 2006] . The inferred differences in grain size could reflect differences in wind velocities as a function of flow geometry over the crater.
[34] The Saber bed form near the rim of Bonneville crater appears to have an outer layer of coarse grains over wellmixed sand, similar to the Serpent bed form described by Greeley et al. [2004 Greeley et al. [ , 2006a . The thermal inertia of the undisturbed Saber bed form is 250 ± 42 J m À2 K À1 s À1/2 , corresponding to a particle diameter of $0.4 mm [Fergason et al., 2006] .
Wind Tails
[35] The frequency of wind tails within each zone follows a similar trend as the bed forms, with the greatest numbers found in the plains, Husband Hill, and Winter Haven (Figure 4d ). Wind tail lengths range from 0.1 to $10 m with most being 0.1 to 0.6 m long (Figure 11 ). Except where apparently influenced by Bonneville crater (zone 2), the orientation of wind tails is toward the south (Figure 7b) , indicative of formative winds from the north. In zone 2, this trend is also shown, but a secondary direction is inferred for winds from the SE. Approaching the base of Husband Hill (zone 4), the wind tail orientations are more scattered; on the flank (West Spur, zone 5) and the north flank (zone 6) of Husband Hill wind tails are oriented toward the NW and ESE, respectively. Wind tail orientations for zones 7 through 10 are consistently toward the north, indicative of winds from the south. Most wind tails are too small to be seen easily in the HiRISE image.
Ventifacts
[36] Figures 4e and 4f show the frequency of ventifact facets and grooves. Facets are present in all zones, but vary in frequency, while grooves are more common on most of the plains (zones 1 -3) and on West Spur (zone 5). With one exception (zone 5), the orientations of facets and grooves (Figures 7c and 7d ) correlate well with each other. For zones 1 -3 (plains) and zone 6 (Husband Hill summit), the orientations of both features suggest formative winds from the NNW. Ventifact orientations in zones 7 and 8 suggest bimodal winds (from the NNW and from the SSE), while orientations in zones 9 and 10 suggest formative winds from the NW and WNW. The discrepancy between the facet and groove orientations in zone 5 could be due to the difficulty in differentiating ventifact facets from rock fractures; however, the overall trend of the groove orientations in all zones (Figure 7d ) suggests that the grooves in zone 5 are anomalous.
[37] Although not strictly ventifacts, the distributions of cuttings from the Rock Abrasion Tool (RAT) [Gorevan et al., 2003] on Spirit reflects the prevailing wind direction at the time of its operation, discussed previously [Greeley et al., 2006a] . As indicated in Table 2 , three such patterns were examined in zone 6, and two were examined in zone 10. Inferred wind directions are generally toward the ESE. All operations occurred in the afternoon in the winter, except the operation on the soil target ''Progress'' that occurred in the autumn.
Discussion and Conclusions
[38] With one exception, the orientations of wind tails (Figure 7b ), ventifact facets (Figure 7c) , and ventifact grooves (Figure 7d ) over the Gusev plains to the base of West Spur (zones 1-4) all suggest prevailing winds from the NNW, consistent with previous interpretations based on the orientations of features seen from orbit [Greeley et al., 2003] . Although the orientations of the bed form axes alone could indicate winds either from the NNW or SSE (Figures 3 Figure 11 . Frequency of wind tail lengths for open plains (zones 1 -4), Husband Hill (zones 5 -9), and Inner Basin (zone 10). and 7a), the wind tail and ventifact orientations suggest that bed forms should be migrating toward the SSE.
[39] In general, the orientations of bed forms on open plains, crater rims, and crater floors are consistent, suggesting that the crater geometry has little influence on the large bed forms seen from orbit (Figures 9a -9c ). Excluding Bonneville (the largest crater along the traverse), the small circular depressions referred to as craters are all relatively shallow, and their influence on overall wind patterns on the scale of the bed forms ( Figure 5 ; 0.2 to 2 m) is probably negligible. However, on the smaller scale of the wind tails (Figure 11 ; 0.02 to 0.2 m), their orientation near Bonneville crater (zone 2) is bimodal, suggesting a secondary wind toward the NW, which might be due to the crater geometry and local wind flow.
[40] The wind directions indicated by the aeolian features in the plains are consistent with MRAMS predictions for afternoon winds from the NW (Figure 1 ) for all seasons. MRAMS also indicates a reversal of wind direction in the morning, reflecting flow into Gusev Crater from the rims, especially in the autumn and winter. This bimodal wind regime is interpreted to account for the near symmetry of the bed forms; however, as noted previously [Greeley et al., 2006a] , there is a tendency for slight asymmetry in some (cross), the Columbia Hills, and the low-albedo patterns indicative of prevailing winds. Note the long linear dark streaks that parallel the nighttime winds, and the shorter dark streaks associated with craters that parallel the daytime winds, (d) diagram summarizing the MRAMS wind vectors for winter and summer winds for daytime and nighttime over the operations area for Spirit; also shown (black arrows) are the trends for the long, dark wind streaks (correlating with the nighttime winds) and the shorter dark wind streaks associated with craters.
bed forms favoring winds from the NNW, suggesting a general migration toward the SSE. In this case, the large bed form on the NW rim of Bonneville crater (Figure 10a ) would appear to ''feed'' sands into the crater and might eventually cascade into the crater, the interpretation favored here. Alternatively, should the migration direction be toward the NW, the large bed form on the rim could represent a ''climbing'' bed form, similar to ''rim ripples'' described at the MER Opportunity site by Sullivan et al. [2007] .
[41] Wind directions over the plains (zones 1-4) are also inferred from the orientations of the ventifact facets and grooves (Figures 7c and 7d) . Although there is some scatter of data in the rose diagrams, the trend suggests wind from the NNW, consistent with the interpretation of the formative winds for bed forms and wind tails. Because ventifacts reflect abrasion by windblown particles (principally sand) their orientations support the notion that the net migration of the bed forms across the plains is toward the SSE, and suggests that the sediment source lies to the NNW.
[42] Figure 12 shows detailed MRAMS-predicted winds for Gusev Crater. Note that the nighttime winter winds are channeled by Ma'adim Vallis on a NNW path focused on CMS (Figure 12 , cross). The general geology of Gusev Crater and Ma'adim Vallis is complex, involving fluvial erosion and deposition, mass wasting, impact cratering, and volcanism [Cabrol et al., 1996 [Cabrol et al., , 1998 [Cabrol et al., , 2003 Grin and Cabrol, 1997; Kuzmin et al., 2000] , all processes that typically generate clastic materials of the sizes appropriate for wind transport. Analyses of the soils based on Spirit data indicate that the parent rocks for the soils are basaltic [e.g., Morris et al., 2006] . We suggest that there are two primary sources for the windblown sediments comprising the bed forms in the plains: 1) particles derived from impact diminution and weathering of local basaltic rocks and 2) particles derived from materials introduced into Gusev Crater. Given the modeled focus of winds from the mouth of Ma'adim Vallis to CMS, this pathway would appear to be a reasonable source for sand-size particles. The grains in the bed forms on the plains have a roundness (average = 0.86) and elongation (average = 0.78) that are consistent with aeolian activity, but other processes cannot be ruled out.
[43] In our scenario, sediments would be carried into the Spirit operations area by winter nighttime winds and then transported SE by daytime winds. By happenstance, the traverse of Spirit is along the approximate boundary of modeled winds zones (Figure 12) , accounting for the apparent wind reversals reflected in the near symmetry of the bed forms, but with the net migration toward the SE. These general trends are well seen in data from orbit. As shown in HRSC image h4165_0000.nd3.01 (Figure 12c) , prominent low-albedo wind streaks approximately parallel the nighttime winds predicted by MRAMS, while the smaller low-albedo wind streaks associated with small craters are oriented toward the SE, reflecting predicted daytime winds. Moreover, the general afternoon winds toward the SE were recorded for active dust devil paths observed in Spirit data [Greeley et al., 2006b] . Figure 12d summarizes the MRAMS trends and shows the close correlation with the wind streak orientations seen from orbit.
[44] Inferred wind patterns on and around the Columbia Hills are much more complex than those over the Gusev plains. Figure 13 is part of HiRISE frame PSP 001513 over the Columbia Hills with superposed topography, showing the general near-surface wind pattern inferred from the bed forms seen from orbit and data from Spirit. On local scales ($10 m), windblown sands are concentrated in topographic depressions and are transported over topographic highs, as suggested in Figure 14 . In this part of zone 10, rock frequency is greater on the small topographic rise and is less frequent in the swale, which is interpreted to reflect burial by windblown sediments. While the aerodynamic roughness is greater on the rise, the wide separation of the individual large rocks is interpreted to generate local turbulence that inhibits abundant sand deposition (Figure 15 ).
[45] We suggest that sands are transported from the NW over the plains toward the Hills, approaching Husband Hill ''head-on'', and are diverted primarily SW of Husband Hill on a pathway west of Home Plate. Bed forms on the southern margin of El Dorado suggest that some winds wrap around the southern part of Husband Hill. The winds from the NW across the plains also carry some sediments up and over Husband Hill and are interpreted to ''feed'' into El Dorado. Thus, we interpret El Dorado to be a depositional site in the leeward zone of Husband Hill. The unique normal distribution and sorting of the dunes and drifts in that area also supports an ongoing process that continuously winnows particles. Results from a qualitative wind tunnel model of the Columbia Hills (Figure 16 ) subjected to winds predicted by MRAMS are consistent with this interpretation. In this experiment, a model of the Columbia Hills was constructed with a vertical exaggeration of Â2 (following procedures of Iversen et al. [1976] ). It was placed in the wind tunnel and subjected to winds from the northwest while 120 mm sand was introduced into the wind stream. Particles drifted over the model and accumulated in zones of relatively weak winds (as in the ''shadow'' of topography). The model was then rotated and subjected to winds from the southeast with particles subjected to erosion. Figure 16 shows the result at the end of the run.
[46] The wind pattern around Home Plate (zone 10) appears to be strongly influenced by the topography of Home Plate and the $3 m high Mitcheltree Ridge as winds from the NW wrap around the southern flank of Husband Hill (Figure 13) . Orientations of the ventifacts and the bed forms suggest prevailing winds in this area from the west. Wind tail orientations are bimodal, with suggested wind directions from the SW and the south. However, the orientation from the south is inconsistent with the other data, and could reflect data analysis in which some small bed forms were interpreted as wind tails.
[47] Except for a few sulfur-rich targets [Yen et al., 2008] , the soils analyzed along Spirit's traverse appear to be of relatively uniform composition [Morris et al., 2006] . In our interpretation of the transport pathway, particles derived from materials at the mouth of Ma'adim Vallis would have traveled some 50 km to reach the inner basin. Experiments to simulate the lifetime of sand-size particles transported by saltation on Mars show that even weakly bonded aggregates could travel 45 to 60 km before breaking into grains that would be lofted into suspension, and that crystalline basaltic sands, of the sort identified for Gusev sands, would travel even greater distances [Greeley and Kraft, 2001] .
[48] Analyses of the sediments in zone 10 (Home Plate) indicate a high sulfur content and very high silica abundance. Combined with information on textures seen in outcrops by Spirit, the materials in this area are interpreted to be of pyroclastic origin with subsequent modifications by hydrothermal processes. Thus, Home Plate could represent a local source for windblown sediments distinct from the rest of Spirit's traverse. In particular, there is an increase in the abundance of $0.35 mm spherical grains (16% of counted grains per MI image) that are best explained as spherules weathered from rocks such as Posey [Cabrol et al., 2008] , which are composed of consolidated ash-size material and lapilli.
[49] Figure 17 shows the heights above the soil for the boundary between the lower, light-toned parts of rocks and the upper dark-toned part. These heights are interpreted to represent the amount of deflation of soils that once partly buried the rocks in each zone. There is considerable scatter in the data, reflecting different amounts of deflation over the surface. The averages range from $2.0 to 7.0 cm; the maximum is seen in the summit area of Husband Hill at more than 20 cm. Figure 17 . Height above the surface to the boundary between the lower light-toned part and the upper dark-toned part of ''two-toned'' rocks as a function of zone along Spirit's traverse.
